Until recently, it was generally accepted that vascularization of tumors arises exclusively from endothelial sprouting. Whether circulating bone marrow-derived endothelial progenitor cells (EPC) participate in the progression of non-small cell lung cancer (NSCLC) has not yet been evaluated. EPCs labeled with CD34, CD133, and vascular endothelial growth factor receptor-2 (VEGFR2) antibodies were counted by flow cytometry in the peripheral blood of 53 NSCLC patients. Furthermore, by means of a quantitative reverse transcription-PCR approach, we measured VEGFR2, CD133, CD34, and VE-cadherin mRNA in the peripheral blood samples of the same patient population. EPCs in tumor samples were identified by confocal microscopy using CD31, CD34, CD133, and VEGFR2 antibodies. Although immunofluorescent labeling of microvessels made clear that incorporation of EPCs is a rare phenomenon in NSCLC tissue (9 of 22 cases), circulating EPC levels before therapeutic intervention were increased in NSCLC patients (P < 0.002, versus healthy controls), and high pretreatment circulating EPC numbers correlated with poor overall survival (P < 0.001). Furthermore, in the subgroup of responders to treatment, the posttreatment EPC numbers in the peripheral blood were significantly lower compared with nonresponding patients. Interestingly, pretreatment mRNA levels of CD133, VE-cadherin, and CD34 were not significantly increased in NSCLC patients, whereas VEGFR2 expression was increased by 80-fold. Moreover, posttreatment VEGFR2 mRNA level in the peripheral blood was significantly higher in the subgroup of nonresponding patients when compared with posttreatment level of patients responding to antitumor therapy. Circulating levels of bone marrow-derived EPCs are significantly increased in NSCLC patients and correlate with clinical behavior. (Cancer Res 2006; 66(14): 7341-7)
Introduction
Non-small cell lung cancer (NSCLC) accounts for >80% of all lung cancers and is responsible for more deaths from cancer than any other tumor type in the Western world (1) . Despite surgical resection and the development of new chemotherapy regimens, many NSCLC patients relapse and become fatal (2) . Consequently, treatment for NSCLC is now moving beyond conventional chemotherapy with the advent of molecular-targeted therapies, and a key therapeutic strategy is inhibition of specific cytokines essential for tumor vascularization (3, 4) . Currently, angiogenesis quantification to assess and predict the efficacy of antiangiogenic drugs is mainly based on the evaluation of microvascular density. However, this procedure is highly invasive, and its association with the clinical outcome is uncertain in many tumor types, including NSCLC (5-7). Accordingly, clinical markers characterizing the angiogenic profile of a tumor and able to reflect the response to antiangiogenic drugs are still scanty (8) .
Until recently, malignant tumors were thought to acquire their vasculature solely through angiogenesis, the mechanism by which new capillaries arise from preexisting ones (9) . However, recent evidence suggests that tumor vasculature can also arise through vasculogenesis, a process by which bone marrow-derived endothelial precursor cells (EPC) are recruited and differentiate in situ into mature endothelial cells to form new blood vessels (10, 11) . Moreover, recent studies have provided evidence that in addition to the physical contribution of EPCs to newly formed microvessels (12) , the angiogenic cytokine release of EPCs may be a supportive mechanism to improve neovascularization (13, 14) . Although these data suggest that there is a close interplay between EPCs and tumor vascularization, the exact role of these cells in the pathogenesis of NSCLC remains to be determined. Hence, we assessed the number of circulating EPCs by flow cytometry from the peripheral blood of NSCLC patients and studied the incidence and contribution of EPCs in the vasculature of surgically removed NSCLCs. Furthermore, we used real-time quantitative reverse transcription-PCR (RT-PCR) to study the expression of the EPCspecific markers CD34, vascular endothelial growth factor receptor-2 (VEGFR2), VE-cadherin, and CD133 in the peripheral blood of healthy controls and NSCLC patients before and after therapy.
Materials and Methods
Clinical data. To measure the number of circulating EPCs and the level of EPC specific genes at the time of diagnosis and following the appropriate anticancer therapy, peripheral blood was collected in EDTA tubes through 21-gauge needles in 53 NSCLC patients. Newly diagnosed NSCLC patients were free of additional malignant, inflammatory or ischemic disease, pulmonary fibrosis, wounds, or ulcers that might influence the number of EPCs (15) . Accordingly, to avoid the direct effects of chemotherapy or surgical wound healing on EPC numbers, second blood samples were collected 21 days after the last cytotoxic infusion and 3 months after thoracotomy. There were 28 male and 25 female patients with a median age of 58 years (range, 45-67 years; Table  1 ). NSCLC cases were staged according to radiological and pathologic findings based on the American Joint Committee on Cancer/Unio Internationale Contra Cancrum tumor-node-metastasis classification (16 Control blood samples were also obtained from 14 healthy individuals. There were 23 squamous cell carcinomas, 26 adenocarcinomas, and 4 adenosquamous carcinomas (Table 1) . Twenty-two patients underwent surgery. Twenty-eight patients with inoperable NSCLC received chemotherapy with gemcitabine and cisplatin, of whom 10 patients with locally advanced disease received radiotherapy in combination with chemotherapy. Informed consent was obtained from all patients and healthy volunteers, and the study was done with the approval of the Ethics Committee of the National Institute of Pulmonology, Hungary and in accordance with the ethical standards prescribed by the Helsinki Declaration of the World Medical Association. To investigate the contribution of EPCs in tumor vasculature, frozen tumor samples of 22 patients with surgically removable NSCLC were also included. Identification of EPCs by confocal laser scanning microscopy in human NSCLC tissue. Immunofluorescent stainings were done on fresh frozen NSCLC samples; 10-Am sections were fixed in À20jC methanol for 10 minutes. After washing in PBS, the following primary antibodies were used: rabbit polyclonal anti-human CD31 (1:100; Santa Cruz Biotechnology, Santa Cruz, CA), FITC-conjugated anti-human CD34 (1:50; BD Biosciences, San Jose, CA), mouse anti-human VEGFR2 (R&D Systems, Minneapolis, MN), and biotin-conjugated anti-human CD133 (1:50; Miltenyi Biotec, Bergisch Gladbach, Germany). Normal mouse and rabbit IgGs were substituted for primary antibodies as negative control (same concentration as the test antibody). After washing in PBS, slices were incubated simultaneously with the appropriate secondary antibodies or streptavidin conjugates (FITC-conjugated goat anti-rabbit IgG, rhodamineconjugated goat anti-mouse IgG, streptavidin-conjugated rhodamine, and streptavidin-conjugated Cy5; 1:100; all from Jackson ImmunoResearch, Inc., West Grove, PA) with or without nuclear staining with TOTO-3 (1:1,000; Molecular Probes, Eugene, OR). Morphometric analysis was done by counting the number of CD133 + and VEGFR2 + CD133 + double-positive cells in ten 1-mm 2 fields selected at random. Sections were examined using a Nikon Eclipse 80i microscope, and digital images were captured using either a SPOT digital camera (Diagnostic Instruments, Sterling Heights, MI) or the Bio-Rad MRC-1024 confocal laser-scanning microscopy system (Bio-Rad, Richmond, CA).
Enumeration of EPCs by flow cytometry from the peripheral blood of NSCLC patients. To quantify the content of circulating EPCs by fluorescence-activated cell sorting (FACS) analysis, a volume of 90 AL peripheral blood was incubated for 30 minutes at 4jC with PE-Cy5-conjugated anti-human CD34 (BD Biosciences) and PE-conjugated antihuman VEGFR2 (R&D Systems) or with biotin-conjugated anti-human CD133 (Miltenyi Biotec) and PE-conjugated anti-human VEGFR2. Biotin conjugated anti-CD133 was revealed using streptavidin-PE-Cy5 (BD Biosciences). Appropriate fluorochrome-conjugated isotype controls were used for each staining procedure. After appropriate gating, the number of CD34 + VEGFR2 + and CD133 + VEGFR2 + cells were quantified and expressed as number of cells per milliliter of blood using the CyFlow SL flow cytomoter and the FlowMax software (both from Partec, Munster, Germany).
Measuring the level of EPC markers by quantitative real-time RT-PCR in the peripheral blood of NSCLC patients. Peripheral blood was incubated for 10 minutes with Red Blood Cell Lysing Buffer (Sigma, Munich, Germany) and centrifuged for 20 seconds at full speed in a microcentrifuge. Total RNA was extracted from the cells remaining after lysis using Qiagen RNeasy Mini kit and digested with RNase-free DNase Set according to the manufacturer's protocol; 3 Ag of total RNA were reverse transcribed from each sample using deoxynucleotide triphosphates (0. . A no-template control (containing water) was used as a negative control for every different primer pair. The cycling variables were 95jC (3 minutes), 50 cycles of 95jC (30 seconds), 64jC (30 seconds), and 72jC (1 minute). The starting quantity of gene expression in the sample was determined by comparison of an unknown to a standard curve generated from a dilution series of template DNA of known concentration and normalized to its own h-actin expression. Statistical analysis. Categorical data were compared using Fisher's exact probability test. Continuous data were compared with Student's t test if the sample distribution was normal, or with Mann-Whitney U test if the sample distribution was asymmetrical. Overall survival analyses were done using the Kaplan-Meier method. Overall survival intervals were determined as the time period from initial diagnosis to the time of death. The comparison between survival functions for different strata was assessed with the log-rank statistic. Multivariate analysis of prognostic factors was done using Cox's regression model. Differences were considered significant when P < 0.05. All statistical analyses were done using Statistica 6.0 (StatSoft, Inc., Tulsa, OK) software program.
Results
Characterization and numbers of EPCs in peripheral blood and tissue samples of NSCLC patients. Although to date no clear definition of EPC exists, based on recent studies (18-21) using flow cytometry, we determined the numbers of CD34 + VEGFR2 + double-positive cells in the peripheral blood of NSCLC patients (Fig. 1A) . Additionally, in 10 patients and 14 healthy controls, we measured the number of VEGFR2 + CD133 + cells, corresponding to a subfraction of immature EPCs (18) . However, because cell counts of VEGFR2 + CD133 + and CD34 + VEGFR2 + EPCs did not differ from each other significantly (P > 0.1 for all analyses; data not shown), in further experiments, levels of EPCs with the latter phenotype were evaluated, in accordance with previous studies (18) (19) (20) (21) . In healthy controls, the mean value of circulating EPCs was 345 F 54.8/mL of peripheral blood (mean F SE; n = 14; Fig. 1B) . In NSCLC patients before anticancer treatment, the number of CD34 + VEGFR2 + EPCs/mL of peripheral blood was significantly higher, with a mean value of 1,162.4 F 242.4 (mean F SE; n = 53; P < 0.002; Fig. 1B) .
To characterize EPCs in the vasculature of NSCLC, we carried out immunostaining with the EPC-specific markers CD133 and VEGFR2 and the panvascular marker CD31 in serial sections of tumor tissues. Confocal microscopy revealed that CD31 antibody marks the vasculature intensively. Because numbers of CD133 + and CD133 + VEGFR2 + cells did not differ from each other significantly, EPC-positive and EPC-negative groups were established, based on CD133 labeling. Of 22 cases with surgically removed NSCLCs, 9 cases were positive for EPCs. No EPCs were observed in the normal lung tissue. In NSCLCs, EPCs were arrested mainly in small intratumoral capillaries, or, less frequently, were adhered to the endothelium of larger vessels or were located in the capillary walls + cells. B, circulating EPC levels in healthy controls and different categories of patients. Columns, mean EPC numbers/mL of peripheral blood; bars, SE. a, P < 0.002 (healthy controls versus all NSCLC patients before therapy); b, P = 0.12 (responders versus nonresponders to treatment before therapy); c, P < 0.005 (responders versus nonresponders to treatment after therapy). C, Kaplan-Meier curves for the overall survival of the entire patient population with NSCLC, according to pretreatment circulating EPC numbers as determined with CD34/VEGFR2 double labeling and flow cytometry. Cutoff value between low and high pretreatment EPC levels was defined as 1,000 EPCs/mL of peripheral blood.
( Fig. 2A-B) . The mean number of EPCs within the tumor specimens of EPC-positive patients was 2.4 F 1.1/mm 2 (mean F SD; n = 9). However, there was no significant correlation between the presence or the number of EPCs identified in NSCLC vasculature and the circulating EPC levels as evaluated by FACS (data not shown).
Evaluation of EPC markers in blood samples of NSCLC patients by quantitative real-time RT-PCR. CD34, CD133, VEcadherin, and VEGFR2 mRNA levels in healthy controls and in 53 therapy-naive NSCLC patients were determined by quantitative real-time RT-PCR (Fig. 3) . Pretreatment levels of CD34, CD133, and VE-cadherin (Fig. 3B-D) were not significantly altered in NSCLC patients, whereas VEGFR2 expression was increased 80-fold (P < 0.05, versus healthy controls; Fig. 3A) .
Correlation of circulating EPC numbers and EPC-specific mRNA levels with therapy. NSCLC patients were also evaluated after surgery or completing standard chemoradiotherapy. Independently of the type of therapy, nonresponding patients (patients with local recurrence or stable/progressive disease) tended to have higher pretreatment EPC numbers and VEGFR-2 and VEcadherin mRNA levels than those who responded to therapy (patients who achieved a tumor-free status with surgery and patients with complete or partial response to chemotherapy or chemoradiotherapy). Despite this finding, there was no statistically significant difference between responders and nonresponders in the case of either pretreatment EPC numbers (Fig. 1B) or pretreatment EPC marker levels (Fig. 3) . However, in the subgroup of responders to treatment, the mean number of posttreatment EPCs/mL of blood was 776.1 F 265 (mean F SE; n = 36), which was significantly lower than in nonresponder patients with a posttreatment value of 4,687.9 F 1,178.6 (mean F SE; n = 17; P < 0.005; Fig. 1B) . It is also important to note, however, that although responder and nonresponder patients received the same therapy, circulating EPC numbers decreased in 74% of the responder population, whereas it increased in 93% of nonresponders during anticancer treatment in case of all treated patients (P < 0.001). Considering chemo-irradiated patients, a decrease in 89% versus increase in 88% of patients was found in responders and nonresponders, respectively (P < 0.001). These results suggest that the alterations in circulating EPC numbers were independent of the therapeutic intervention and were significantly associated with clinical behavior. Moreover, posttreatment VEGFR2 mRNA level in the peripheral blood was significantly higher in the subgroup of nonresponding patients when compared with the level of patients responding to antitumor therapy (P < 0.05; Fig. 3A) . On the contrary, mRNA levels of CD34, CD133, and VE-cadherin were not altered significantly either in pretreatment or in posttreatment samples of newly diagnosed or treated NSCLC patients compared with healthy controls or to each other (Fig. 3B-D) .
EPC number as progression marker in NSCLC. Because 16 of the 53 NSCLC patients died within 30 weeks, and because the circulating EPC level of these patients at the time of diagnosis was significantly higher than in those who survived (2,206.8 F 552 versus 735.6 F 222.3; P < 0.02), we established pretreatment EPC cutoff values (500, 750, 1,000, and 1,250/mL of peripheral blood), which were tested for discriminating power in predicting disease outcome. This classification indicated that patients whose blood samples were categorized by a pretreatment EPC level < 1,000/mL (EPC low) had significantly longer survival times than those with high levels of circulating EPCs (median survival time, 55.5 versus 26 weeks; P < 0.001; Fig. 1C ). However, no significant associations with age, gender, histologic type, smoking history, disease stage, or therapy were detected (Table 1) . Multivariate analysis (including standard prognostic variables, such as tumor stage, smoking history, and histologic type) also indicated that pretreatment circulating EPC numbers predicted outcome independent of other variables (P < 0.001; Table 2 ).
Discussion
Although increased circulating EPC levels have been reported in various conditions associated with vascular diseases in humans (18) (19) (20) (21) , and several studies in different rodent models have shown that circulating EPCs derived from the bone marrow contribute to tumor vascularization (10, 11, 22) , to date, only a few studies have attempted to evaluate the significance of EPCs in human tumor vascularization (23) (24) (25) , and no articles have been reported on circulating EPCs in human NSCLC. Thus, we analyzed the level of circulating EPCs by flow cytometry; studied the expression of the EPC-specific markers CD34, VEGFR2, VE-cadherin, and CD133 by real-time quantitative RT-PCR from the peripheral blood of patients with NSCLC; and investigated the frequency and contribution of EPCs in the vasculature of surgically removed + EPCs (red fluorescence ) were arrested mainly in small intratumoral capillaries (arrow ) or were adhered to the endothelium (green fluorescence ) of larger capillaries (arrowhead ). Nuclear staining was applied with TOTO-3 iodide (blue fluorescence ). B, less frequently, EPCs (CD133, blue fluorescence ; VEGFR2, red fluorescence ) were incorporated into the capillary walls (CD31, green fluorescence ).
NSCLCs. To the best of our knowledge, this is the first article that shows evidence of an increased number of EPCs in the peripheral blood of patients with NSCLC.
The VEGF gene was cloned just over 15 years ago, and already, bevacizumab (a humanized monoclonal antibody against VEGF) has been approved as a first-line anticancer treatment (26) . Despite this rapid progress from bench to bedside, our facilities to monitor tumor angiogenic status or the response to angiostatic agents have not improved at the same pace (27) . Currently, the activity of angiogenesis and its influence on patients' prognosis or the efficacy of antiangiogenic drugs are measured by counting the microvascular density or by determining the pretreatment and posttreatment levels of angiogenic cytokines in the serum. Unfortunately, these approaches are highly invasive and not always reliable (5) (6) (7) 28) . It is noteworthy, therefore, that the circulating EPC level was found to be a sensitive surrogate marker of the antiangiogenic activity of low-dose metronomic chemotherapy in a murine model (29) , and that the numbers of circulating EPCs rapidly decline in rectal cancer patients receiving bevacizumab (30) . Based on these data, in addition to EPC levels before therapy, we measured EPC numbers after the adequate anticancer treatment. Posttreatment levels of circulating EPCs proved to be significantly lower in patients who achieved a partial/complete remission (responders to treatment) than in patients with stable or progressive disease (nonresponders). Given the background described above, and because the addition of the novel antiangiogenic agent bevacizumab to the standard chemotherapy regimen significantly improves survival in NSCLC patients (31) , the finding that EPC levels in NSCLC correlate to tumor burden may have particular importance in the future.
In addition to the observation of significantly higher pretreatment numbers of circulating EPCs in NSCLC patients compared with healthy controls, this prospective study presents the novel finding that a single measurement of CD34 + VEGFR2 + EPCs by flow cytometry is a useful tool to predict outcomes in patients with NSCLC. Although it did not reach statistical significance, responders tended to have lower pretreatment EPC numbers than those who did not respond to therapy. More importantly, during the follow-up period of 15 months, a significantly higher incidence of death from NSCLC was observed in patients with high pretreatment EPC levels compared with patients with low EPC levels, suggesting that the pretreatment levels of EPCs, detectable by flow cytometry in the peripheral blood, correlate with the clinical behavior of human NSCLC. This assumption corresponds to the ''vessel normalization'' hypothesis described by Jain et al. (32, 33) regarding the clinical effects of anti-VEGF therapy. Our data suggest that those patients with lower pretreatment EPC numbers, presumably having more ''normal'' tumor vessels, respond better, whereas those with higher EPC numbers (with tortuous intratumoral capillaries) do not respond well. Consequently, patients with high pretreatment EPC numbers could be treated with anti-VEGF therapy to lower EPCs (normalizing the vasculature) before chemotherapy, thus potentially improving therapeutic responses. Although in a previous study on other cancer types the level of VE-cadherin mRNA in the peripheral blood was reported to be significantly correlated with tumor progression (34) , in the current study, there were no obvious associations between CD34, CD133, or VE-cadherin mRNA levels and malignancy. However, we found that pretreatment VEGFR2 mRNA expression was increased in NSCLC patients compared with healthy controls, and moreover, that the posttreatment level of this marker was significantly higher in the subgroup of nonresponding patients when compared with patients responding to anticancer therapy. Possible reasons for the isolated VEGFR2 elevation may include variations in EPC marker expression intensity at the stage of development in which they were studied (i.e., in the peripheral circulation following release from the bone marrow but before homing at the tumor site). Nevertheless, the host (35) or tumor capillary (36) source for some of this VEGFR2 mRNA level increase cannot be excluded, because this cell surface receptor can be expressed on mature endothelial cells as well (37) . However, because we failed to detect such a remarkable change in the mRNA level of VE-cadherin (expressed also on mature endothelial cells), it is more probable that the high level of VEGFR2 mRNA, measured from the peripheral blood, is the result of intravasated NSCLC cells positive for VEGFR-2 (36) .
The association between pretreatment EPC levels and death from tumoral causes was independent of standard prognostic variables, such as tumor extension and hystologic type, and, more interestingly, of the presence of incorporated EPCs in NSCLC vasculature. In fact, the observed rate of EPCs in the tumor tissue of NSCLC patients was lower than anticipated from our flow cytometric results. Assuming that the major proportion of circulating EPCs reaches and incorporates into the tumor vasculature, the reasons for the discrepancy between circulating and tumor tissue EPC numbers are not completely clear. Because CD34 and VEGFR2 are expressed on EPCs and on mature endothelial cells lining the tumor vasculature, and because CD133 expression is continuously decreasing on the cell surface of circulating EPCs and lost once EPCs differentiate into more mature endothelial cells in the endothelial tube (38) , it seems obvious that the rate of incorporated EPCs in NSCLC tissue is inevitably underestimated. However, it is difficult to conclude that vascularization in human NSCLC is exclusively the result of EPC incorporation into the preexisting endothelial tube, as recent studies using experimental tumor models have found (10, 11, 22) . It is more likely that, as described in nontumorous ischemic tissue models (13, 14, 39) , in addition to their physical contribution to the tumor vasculature, EPCs are able to induce endothelial sprouting through the paracrine release of angiogenic growth factors. This assumption, however, would need further experimental and clinical support.
In conclusion, vascularization is a key mechanism in NSCLC progression and is frequently used as a prognostic factor. Our study shows, for the first time, that the levels of bone marrow-derived EPCs are significantly increased in patients with NSCLC, and that these levels are correlated to tumor burden and to clinical behavior. Although our data suggest a participation of EPCs in tumor growth and vascularization in NSCLC patients, it is not clear yet whether EPCs are essential for these processes or what the relative contribution of EPCs is compared with that of in situ proliferating endothelial cells. Moreover, it has yet to be determined whether EPCs can be targeted to treat NSCLC, or alternatively their levels can be used as a surrogate marker to monitor the efficacy of standard or antiangiogenic therapies in NSCLC.
